Summary Vitamin E inhibits oxidative processes in living tissues. We produced vitamin E-deficient mice by feeding them a vitamin E-deficient diet to verify the influence of chronic vitamin E deficiency on cognitive function. We measured cognitive function over a 5-d period using the Morris water maze task, as well as antioxidant enzyme activity and lipid peroxidation in discrete brain regions, and total serum cholesterol content. Threeand six-mo-old vitamin E-deficient and age-matched control mice were used. In addition, 24-mo-old mice were used as an aged-model. In the 3-mo-old mice, cognitive function in the vitamin E-deficient (short-term vitamin E-deficient) group was significantly impaired compared to age-matched controls. Although the lipid peroxidation products in the cerebral cortex, cerebellum and hippocampus did not significantly differ in 3-mo-old mice, the levels in the 6-mo-old vitamin E-deficient (long-term vitamin E-deficient) mice were significantly increased compared to age-matched controls. Serum cholesterol content was also significantly increased in the short-and long-term vitamin E-deficient mice compared to their respective age-matched controls. These results indicate that chronic vitamin E deficiency may slowly accelerate brain oxidation. Thus, vitamin E concentrations may need to be monitored in order to prevent the risk of cognitive dysfunction, even under normal conditions.
Reactive oxygen species (ROS) attack living tissues and induce oxidative deterioration (1) . It is well known that the elevation of oxidative products in living tissues accelerates the risk of the development and progression of serious diseases such as neurodegenerative disorders (2, 3) , liver disease (4, 5) , and heart disease (6, 7) . These oxidation-related diseases are referred to as free radical diseases. Furthermore, continual consumption of oxygen, a normal physiological process, may be related to the progression of senescence (1, 8, 9) . In the 1950s, Harman proposed a famous hypothesis, the free radical theory of aging (10) . In our previous study, lipid peroxidation products such as thiobarbituric acid reactive substances (TBARS) and lipid hydroperoxides (LOOH), increased significantly in aged versus young rodents (11, 12) . In order to prevent the risk of the development or progression of free radical diseases in the senescence process, it is necessary to attenuate ROS production or oxidative damage. However, the production of ROS in aerobic organisms cannot be eliminated, mainly because it is not possible to prevent the leakage of electrons in the mitochondrial electron transport system (13) . Free electrons rapidly react with oxygen, resulting in the production of superoxide anion radicals in the mitochondria. The antioxidant defense system is capable of attenuating the toxicity of ROS. This system consists mainly of two components. The first component consists of endogenous antioxidant enzymes, such as a superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx). The second component consists of food-derived antioxidant substances, such as catechins, polyphenols, and vitamins. Vitamin E (a-tocopherol), which is a natural lipophilic vitamin, possesses a powerful antioxidant function (14) (15) (16) . Therefore, vitamin E deficiency induces disruption of the balance between production and detoxification of ROS. It is well known that vitamin E deficiency induces anemia, reduced erythrocyte life span, and ataxia in humans (16) (17) (18) . Previously, we reported that vitamin E-deficient rats exhibit cognitive dysfunction in the Morris water maze task (19) . Furthermore, we found elevated apoptosis in hippocampal neurons (20) . The vitamin E deficiency period in that study was 8 wk. However, the duration of feeding the vitamin E-deficient diet appeared to be too short to clarify the effect of oxidative damage on living tissues. Certainly, the content of vitamin E in every E-mail: koji@sic.shibaura-it.ac.jp organ in this vitamin E-deficient model decreased significantly compared to that in normal animals (11, 21) . In humans, overproduction of oxidative stress or deficiency in the antioxidant defense system is typically a chronic condition. In this study, we created long-term vitamin E deficiency in mice and determined cognitive function using the Morris water maze apparatus.
MATERIALS AND METHODS

Animals and reagents.
All experimental animals (C57BL/6, male) were purchased from Japan SLC, Inc. (Hamamatsu, Japan) excepting the 24-mo-old mice. Twenty-four-month-old (C57BL/6, male) mice were obtained from the Tokyo Metropolitan Institute of Gerontology (Tokyo, Japan). In order to verify the influence of chronic vitamin E-deficiency, we produced vitamin E-deficient mice by providing the animals with a vitamin E deficient-diet starting at 1 mo of age. In these experiments, the model of vitamin E-deficiency involved rearing mice on the vitamin E-deficient diet until 3 or 6 mo of age. All mice were maintained under controlled conditions of temperature (2262˚C) and a 12 h light/dark cycle, with free access to food and water. The aged-mice were acclimated to their new environment for 1 wk before starting the cognitive trials. The powdered vitamin E-deficient diet (AIN-76A) and normal diet pellets (Labo MR Stock) were purchased from Funabashi Farm Co., Ltd. (Chiba, Japan) and Nosan Corp. (Kanagawa, Japan), respectively. The vitamin E-deficient diet was prepared for consumption by mixing 100 g of the powdered diet with 20 mL of vitamin E-depleted corn oil (Funabashi Farm). Samples of brain regions (cerebral cortex, cerebellum and hippocampus) were prepared for biochemical analysis following cognitive testing, as described previously with some modifications (21) .
All other chemical reagents were obtained from either Wako Pure Chemical Industries, Ltd. (Osaka, Japan) or Sigma-Aldrich Corp. (St. Louis, MO). All animal experiments were performed with the approval of the Animal Protection and Ethics Committee of the Shibaura Institute of Technology (Tokyo, Japan).
Cognitive performance. Cognitive function was assessed using a Morris water maze apparatus (19, 22) . The maze apparatus (140 cm in diameter and 45 cm in height) consists of a pool of constructed acrylic resin. The bottom of the pool was divided into four quadrants by lines and was set up with four different visible marks positioned around the pool. A submerged platform was placed in the center of one quadrant. The water temperature of the pool was maintained at 2262˚C. Before starting the cognitive performance trials, the animals were acclimated to the pool and handling by the experimenter by being allowed to swim freely for 60 s in the absence of a platform and handled over a 3-d period. The cognitive trials were performed 4 times per day and continued for 5 consecutive days. All trials were performed at the same time of day, and carried out every 3 h (starting at 9:00, 12:00, 15:00, and 18:00). We performed a total of 20 trials per mouse. The platform was maintained in the same location of the pool for all trials. The escape latency (time to reach the goal), swimming distance, swimming speed, and the proportion of time spent swimming in the quadrant containing the platform were measured using ANY-maze software (Stoelting Co., Wood Dale, IL). The learning ability on each day was assessed by calculating the average escape latency of the four daily trials.
Total serum cholesterol content. Total serum cholesterol levels were measured using a commercial kit (Cholesterol E-test Wako), according to the manufacturer's protocol. The oxidation of cholesterol, by cholesterol oxidase, results in the production of hydrogen peroxide. N-Ethyl-N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxyaniline, sodium salt, H2O2, and 4-aminoantipyrine undergo oxidative condensation in the presence of peroxidase, which results in the production of a blue dye that can be measured by monitoring absorbance at 600 nm using a spectrophotometer.
Measurement of antioxidative enzyme activities. The measurement of superoxide dismutase (SOD) activity was performed using an assay kit (SOD-Test Wako) according to the manufacturer's protocol. This method is based on the xanthine oxidase reaction. The xanthine oxidase reaction induces superoxide. Nitroblue tetrazolium reacts with superoxide and is reduced to diformazan. However, in the presence of SOD, superoxide reacts with SOD and results in the production of hydrogen peroxide. As a result, the production of diformazan is decreased. In this assay, SOD activity is expressed as the ratio of decreased diformazan. SOD activity was determined by measuring absorbance at 560 nm using a spectrophotometer.
Glutathione peroxidase (GPx) activity can be determined by monitoring b-nicotinamide adenine dinucleotide phosphate (NADPH) levels. Sample homogenates were mixed with reduced glutathione (GSH), glutathione reductase (GR), and NADPH, which was then rapidly incubated with hydrogen peroxide. Hydrogen peroxide is reduced by GPx, while GSH is oxidized to glutathione (GSSG). GR reduces GSSG to GSH and concomitantly oxidizes NADPH to NADP 1 . The levels of NADPH were measured by monitoring absorbance at 340 nm.
Analysis of lipid peroxidation.
To analyze lipid oxidation, we measured thiobarbituric acid reactive substances (TBARS). Lipid peroxides were measured using Yagi's method, as previously described with some modifications (23) . One hundred microliters of the sample homogenates was mixed with 200 mL of 5 mm EDTA, 2 mL of 1% phosphate acid, and 1 mL of 0.7% thiobarbituric acid. The mixture was heated to 100˚C in a block heater for 45 min. After cooling on ice, the sample was incubated with 2 mL of butanol for 3 min. Following centrifugation, the upper layer was isolated and absorbance at 535 nm was measured using a spectrophotometer (GeneQuant 100, GE Healthcare UK Ltd., Little Chalfont, UK). This oxidized marker was expressed as per mg protein in the samples.
Statistical analysis. Data were plotted as the mean6 SE and analyzed using Student's t-test, with p,0.05 considered significant. Cognitive performance data were analyzed using a two-way factorial analysis of variance (two-way ANOVA), with p,0.05 considered significant.
RESULTS
Cognitive function is impaired in short-and long-term vitamin E-deficient mice
In the Morris water maze trial, the escape latency (arrival time at the "escape" platform) gradually decreased in all groups (Fig. 1A) . This result showed that the mice in each group gradually learned the platform location. Statistical analysis (two-way ANOVA) indicated that the escape latencies of both vitamin E-deficient groups were significantly longer than those of the age-matched controls. Although no significant difference between 3-and 6-mo-old controls was observed, the escape latency of the 3-mo-old mice was less than that of the 6-mo-old mice. The escape latency of agedmice was significantly longer than that of the 3 and 6 mo-old controls. However, there was no significant difference between the escape latencies of the aged-mice and either of the vitamin E-deficient groups. In comparing the vitamin E-deficient models, the escape latency of the 6-mo-old group tended to be longer than that of the 3-mo-old group. The escape latency of the aged-mice on the final day showed a moderate score between the control and vitamin E-deficient mice.
In order to compare the motor function among the five groups, swimming speed in each group was measured. No significant difference was observed in swimming speed between control and vitamin E-deficient mice and age-matched controls (Fig. 1B) . On the other hand, the swimming speed of aged-mice significantly decreased on days 3 and 5 compared to the 3-mo-old controls. The ratio of swimming time in the platform area was also similar to the escape latency results (Fig. 1C) . On day 5, the proportion of swimming time in the platform quadrant, was remarkably lower in vitamin E-deficient mice compared to age-matched controls. Although the proportion of swimming time in the platform quadrant in 6-mo-old mice was not significantly different between day 3, and day 1, there was a significant difference in 3-mo-old controls. The swimming distances decreased remarkably in the control mice in a time-dependent manner (Fig. 2) . In contrast, the swimming distances of vitamin E-deficient mice were remarkably longer than those of the age-matched controls. The average daily swimming distance for each group was also similar to the escape latency result (data not shown). These results indicate that vitamin E deficiency tends to induce cognitive dysfunction in mice, according to the Morris water maze task.
Vitamin E deficiency increases serum cholesterol levels
Total serum cholesterol levels were determined in order to verify the mechanism of cognitive dysfunction in long-term vitamin E-deficient mice. As shown in Fig.  3 , total cholesterol levels in vitamin E-deficient mice increased significantly in 3-and 6-mo-old mice compared to their respective age-matched controls. However, total cholesterol levels did not significantly differ between the vitamin E-deficient groups. This result indicates that short periods of vitamin E deficiency induce elevation of serum cholesterol levels. However, a direct correlation was not demonstrated. Further investigation is needed to clarify the relationship between changes in serum cholesterol levels and vitamin E-deficiencyinduced cognitive dysfunction.
Long-term vitamin E-deficient mice tend to exhibit increased lipid peroxidation in the brain
To determine the relationship between long-term vitamin E deficiency-induced cognitive dysfunction and Fig. 4 . The effect of vitamin E-deficiency on antioxidant enzyme activity and lipid peroxidation levels in murine brain.
Lipid peroxidation was assessed by measuring the levels of thiobarbituric acid reactive substances (TBARS) (A). The activities of the antioxidant enzymes super oxide dismutase (SOD) (B) and glutathione peroxidase (GPx) (C) were measured. All parameters were measured in the cerebral cortex, cerebellum, and hippocampus. Asterisks placed directly above the bars indicate a significant difference from the 3-mo-old control group. 3-mo control, n58; 3-mo vitamin E-deficient, n56; 6-mo control, n56; 6-mo vitamin E-deficient, n56; 24-mo, n54. The data was analyzed using Student's t-tests. * p,0.05, ** p,0.01. Fig. 2 . The Morris water maze swimming trajectories of individual mice from each group. The swimming trajectories of each animal were recorded with a camera placed over the equipment, and were analyzed using ANY-maze software. Fig. 3 . Vitamin E-deficiency increased serum cholesterol in mice. Asterisks indicate comparison with agematched controls. 3-mo control, n58; 3-mo vitamin E-deficient, n56; 6-mo control, n56; 6-mo vitamin E-deficient, n56; 24-mo, n54. The data was analyzed using Student's t-tests; * p,0.05, ** p,0.01.
brain oxidation, we measured lipid peroxidation levels and antioxidant enzyme activities. As shown in Fig. 4 , TBARS content in aged-mice increased significantly in all brain regions compared to 3-mo-old controls (A). The TBARS content of 6-mo-old vitamin E-deficient mice, but not 3-mo-old vitamin E-deficient mice, increased significantly in all regions compared to age-matched controls. In vitamin E-deficient mice, TBARS content was significantly increased in the cortex and cerebellum of 6-mo-old mice compared to 3-mo-old mice. No significant difference was observed between aged-and vitamin E-deficient mice in any brain region. With respect to antioxidant enzyme activities, SOD activity in the cerebellum and hippocampus of 6-moold controls was significantly increased compared to that in 3-mo-old controls (B). On the other hand, SOD activity in the cerebellum and hippocampus of agedmice was significantly decreased compared to that in 6-mo-old controls. Contrary to expectations, SOD activity in 6-mo-old mice was only significantly decreased in the cerebellum of vitamin E-deficient animals compared to the same area of age-matched controls. SOD activity was not significantly different between vitamin E-deficient and aged-mice in any brain region. Although GPx activity in vitamin E-deficient mice tended to decrease compared to that in age-matched controls, there was no significant difference between control and vitamin E-deficient mice (C). In the cerebral cortex of control mice, GPx activity in 6-mo-old and aged-mice was significantly increased compared to that in 3-mo-old mice. In the control groups, the activity of antioxidant enzymes in all regions of the 6-mo-old mice tended to be greater than that in the other age groups.
DISCUSSION
Cognitive impairment occurs with short periods of vitamin E deficiency
It is well known that vitamin E has a number of beneficial functions in our body. a-Tocopherol has been used therapeutically for hepatitis (24) , and g-tocopherol is used to counteract the inflammatory response (14) . Furthermore, a-tocopheryl acetate ester has been prescribed to improve peripheral circulatory disorders in Japan. In many cases, including the above, studies of vitamin E have been based on its antioxidant function. On the other hand, some reports have shown the influences of a vitamin E deficiency. It has been reported that motor functions were impaired in a-tocopherol transfer protein knockout mice (25) , and induced anxiety behavior was observed in a-tocopherol-deficient mice using the elevated plus-maze test (26) . These phenomena are based on elevated oxidative stress via a lack or deficiency of vitamin E. Previously, we also reported cognitive dysfunction in vitamin E-deficient rats (19) and detected neuronal apoptosis in the hippocampal CA1 region (20) . The results from these studies of vitamin E-deficient rats, including increased apoptosis, were similar to those for aged-rats with normal vitamin E levels. Oxidative stress may be related to the induction of age-related cognitive dysfunction. However, the duration of exposure to the vitamin E-deficient diet was about 2 mo in our previous study. It is possible that only a short period is required for producing vitamin E deficiency in rodents. However, it was difficult to determine whether the measured results were truly dependent on vitamin E deficiency. In humans, elevated oxidative stress or attenuation of the antioxidant defense system is typically the result of chronic conditions.
In the present study, we investigated the influences of long-term administration of a vitamin E-deficient diet on cognitive function and antioxidant enzyme activities in mice. As expected, cognitive function in the shortterm vitamin E-deficient mice was impaired compared to that in age-matched controls. This result indicates that only a few weeks of vitamin E-deficiency (8 wk) has the potential to induce cognitive dysfunction. On the other hand, the swimming speed of aged-mice was significantly decreased compared to that of 3-and 6-mo-old controls at day 3 and 5. In calculating swimming speed, we have excluded the time spent floating and stopping in the pool. Although motor dysfunction is a potential factor in cognitive dysfunction in aged-mice, we do not think that it is a significant factor. This is because the lipid peroxidation products in all brain regions were significantly increased compared to those in the young controls, and the proportion of time spent swimming in the platform quadrant in aged-mice was not increased during trials. Therefore, the cause of the cognitive dysfunction in aged-mice is likely to be related to brain oxidation.
Long-term vitamin E-deficiency accelerates brain oxidation
Although we could not identify a significant difference, the cognitive function in the long-term vitamin E-deficient mice was remarkably impaired compared to that in short-term deficiency, especially after day 3. The swimming speed of age-matched mice did not differ between the control and vitamin E-deficient groups. This result indicates that learning impairment in vitamin E-deficient mice was not related to motor dysfunction. The chronic vitamin E-deficiency in our experimental model induces gradual and definite cognitive impairment. Previously, we reported the effects of short-and long-term vitamin E-deficiency on a-tocopherol content in the cerebral cortex, cerebellum, and hippocampus in mice. Vitamin E levels in the long-term vitamin E-deficient mice were below the detection limit of high performance liquid chromatography (HPLC) with electrochemical detection (21) . Furthermore, we assessed the expression of microtubule-associated protein (MAP) light chain (LC) 3 in the cerebral cortex, cerebellum, and hippocampus using Western blotting (21) . The expression of MAP LC3-II, which is a major hallmark of autophagy, was significantly decreased in the longterm vitamin E-deficient mice compared to that in shortterm deficiency. On the other hand, the expression of MAP LC3-II in the short-term vitamin E-deficient mice increased significantly compared to that in age-matched controls. Therefore, the mice in the short-term vitamin E deficiency group might be resistant to oxidative stress, due to their young age and short deficiency period. In the present study, TBARS content in the cerebral cortex, cerebellum and hippocampus of 3-mo-old mice did not differ significantly between control and vitamin E-deficiency. Conversely, TBARS levels in 6-mo-old mice were significantly different between vitamin E-deficient and control mice.
However, antioxidant enzyme activities in the longterm vitamin E-deficient mice were not significantly different than in age-matched controls, with the exception of SOD activity in the cerebellum. This observation may be due to the SOD and GPx activity measurement kits utilized in the present study, which were not isoform specific. Furthermore, we did not measure the expression of each protein by Western blotting, and we calculated enzyme activity using total protein amounts. If the proportions of antioxidant enzyme isoform expression were altered in the vitamin E-deficient mice, the respective enzymatic activities could also be greatly altered. In particular, it is known that GPx activity is much lower than that of other antioxidant enzymes in brain. It may be difficult to correctly compare the influence of vitamin E-deficiency when attempting to direct individual differences in mice. The results of antioxidant enzyme activity analysis in the present study were similar to our previous analysis of MAP LC3 protein expression. The antioxidant enzyme activities of the short-term vitamin E-deficient mice did not significantly differ from those in the age-matched controls, since the short-term vitamin E-deficient mice may have been resistant to oxidative stress. However, almost all antioxidant enzyme activities of the long-term vitamin E-deficient mice tended to decrease compared to those in age-matched controls. These results indicate that oxidative damage gradually accumulated in the brains of 6-mo-old vitamin E-deficient mice. Use of a longer-term vitamin E deficient model, such as 12 mo or more, is more likely to reveal significant differences compared to the age-matched controls. These results, including previous results on autophagy and vitamin E content, were the first studies to clarify the influences of long-term vitamin E-deficiency; however, further investigation is warranted.
The possible role of vitamin E deficiency-induced elevated serum cholesterol in cognitive function
We measured total serum cholesterol to characterize the mechanism of cognitive dysfunction in the long-term vitamin E-deficient mice. Interestingly, total cholesterol levels of vitamin E-deficient mice were significantly increased compared to those of age-matched controls. Comparing the content of normal and vitamin E-deficient diets indicates that the percentage of protein and fat are largely equivalent (protein: normal diet518.8%, vitamin E-deficient diet516.6%; fat: normal diet53.9%, vitamin E-deficient diet54.3%; vitamin E: normal diet545.2 mg/100 g, vitamin E-deficient diet50; these values are from the information provided by the suppliers, except the vitamin E content of vitamin E-deficient diet, which was detected by HPLC analysis in our laboratory.)
There are many papers focusing on cholesterol content and cognitive function. Kuo et al. reported that treating mice with a high-cholesterol diet enhanced serum and brain cholesterol concentrations, and elevated TBARS content in serum. Furthermore, highcholesterol diet-treated mice exhibited cognitive dysfunction in the Morris water maze test (27) . Ettcheto et al. described the relationship between hypercholesterolemia and neurodegeneration using low density lipoprotein (LDL) receptor knockout and amyloid precursor protein (APP)/presenilin (PS) 1 transgenic mice (28) . Treatment with a-tocopherol attenuated high-cholesterol diet-induced elevation of serum cholesterol level in rabbit models (29) . In addition, it is well known that treatment with vitamin E attenuates the risk of arteriosclerosis by preventing LDL oxidation (30) . The elevation of serum cholesterol might be related to an acceleration of cognitive dysfunction via overproduction of oxidative stress in blood. However, we did not analyze the blood components in detail. Furthermore, we have not identified a direct correlation between elevated serum cholesterol and brain oxidation. We are continuing to study the anti-obesity effect of vitamin E using high-fat model mice. In the near future, we aim to determine the relationship between changes in ROS-induced blood components and cognitive dysfunction.
CONCLUSIONS
In this study, we examined the influence of long-term vitamin E-deficiency in mice. Long-term vitamin E-deficient mice exhibited accelerated cognitive dysfunction compared to the short-term model. Furthermore, the long-term vitamin E-deficiency induced significant lipid peroxidation in the cerebral cortex, cerebellum and hippocampus. Thus, even in a normal environment, vitamin E levels may need to be monitored in order to maintain cognitive function during aging.
